Abstract Previous studies indicated that ethanol-induced neurodegeneration in postnatal day 7 (P7) mice, widely used as a model for the fetal alcohol spectrum disorders, was accompanied by glycogen synthase kinase-3b (GSK3b) and caspase-3 activation. Presently, we examined whether tau, a microtubule associated protein, is modified by GSK-3b and caspase-3 in ethanol-treated P7 mouse forebrains. We found that ethanol increased phosphorylated tau recognized by the paired helical filament (PHF)-1 antibody and by the antibody against tau phosphorylated at Ser199. Ethanol also generated tau fragments recognized by an antibody against caspase-cleaved tau (C-tau). C-tau was localized in neurons bearing activated caspase-3 and fragmented nuclei. Over time, cell debris and degenerated projections containing C-tau appeared to be engulfed by activated microglia. A caspase-3 inhibitor partially blocked C-tau formation. Lithium, a GSK-3b inhibitor, blocked ethanol-induced caspase-3 activation, phosphorylated tau elevation, C-tau formation, and microglial activation. These results indicate that tau is phosphorylated by GSK3b and cleaved by caspase-3 during ethanol-induced neurodegeneration in the developing brain.
Introduction
Ethanol triggers wide-spread apoptotic neurodegeneration in P7 mice, which are in the middle of the brain growth spurt and in a period of brain development corresponding to the human third trimester [15, 25] . The P7 rodent model of fetal alcohol spectrum disorders has been widely used for elucidating mechanisms of ethanol-induced toxicity in the developing brain [3, 14, 38] . Ethanol-induced neurodegeneration in the P7 mouse brain is preceded by caspase-3 activation [25, 32] and by decreases in phosphorylation levels of Akt and GSK-3b [4] . GSK-3b and caspase-3 thus activated by ethanol may affect the downstream effector molecule tau.
Phosphorylation of tau by GSK-3b decreases the microtubule-binding capacity of tau and disrupts microtubule stability [33, 37] . When the majority of tau is phosphorylated at Ser396/Ser404 (the PHF-1 antibody epitope) by GSK-3b activation, tau aggregation is favored [5] . In addition to hyper-phosphorylation, tau can be cleaved at Asp421/422 by caspases-3, 6, 7, and 8 [10] . The caspase-cleaved tau (C-tau) assembles more rapidly into filaments than full-length tau [10] , and has been detected in Alzheimer brains [29] . C-tau is also detected in brains injured by kainic acid [39] and trauma [9, 40] , and C-tau is pro-apoptotic in cultured neurons [6, 8] . Lithium, a GSK-3b inhibitor, which blocks ethanol-induced caspase-3 activation [4, 42] , has been shown to reduce phosphorylation and aggregation of tau in a mouse model of Alzheimer's disease [23] .
From these studies, we hypothesized that ethanolinduced GSK-3b and caspase-3 activation modify tau as a downstream target, which may result in neurodegeneration. We further hypothesized that lithium inhibits tau modification as well as subsequent neurodegeneration. Although recent studies have shown that ethanol induces tau accumulation in neuroblastoma cells [11] and generates c-Tau in P7 mouse brains [41] , the effects of ethanol on tau are largely unknown. It is expected that the majority of tau proteins at P7 display a fetal form. This form is highly phosphorylated and recognized by PHF-1 antibody [12] , although it is less phosphorylated compared to the paired helical filament tau observed in tauopathies and retains a low but significant level of activity for promoting tubulin assembly [21] . Here, we examined tau modifications during ethanol-induced neurodegeneration in the P7 mouse brain.
Experimental Procedure
Animals and Treatment C57BL/6By mice were maintained at the Animal Facility of the Nathan S. Kline Institute for Psychiatric Research. All procedures followed guidelines consistent with those developed by the National Institute of Health and the Institutional Animal Care and Use Committee of the Nathan S. Kline Institute. An ethanol treatment paradigm shown to induce robust neurodegeneration in P7 C57BL/6 mice [25] was followed using P7 C57BL/6By mice as described [32] . Each mouse in a litter of more than 8 pups was assigned to a saline, a lithium, an ethanol, or an ''ethanol ? lithium'' group, and the experiment was repeated 3-5 times using different litters. The mice were injected subcutaneously with saline or ethanol (2.5 g/kg, 20% solution in sterile saline) twice at 0 and 2 h. Lithium chloride (LiCl, 0.6 M, 10 ll/g) or saline was injected intraperitoneally 15 min after the first ethanol injection as described previously [42] . Four to 48 h after the first ethanol injection, brains were removed and processed for immunoblotting and immunohistochemical staining. For experiments using a caspase 3/7 inhibitor, N-benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp (OMe)-fluoromethyl ketone (Z-DEVD-FMK) (BioVision, Mountain View, CA), the inhibitor was administered by intracerebroventricular (icv) injections as described [30] . Z-DEVD-FMK (1 lg in 2 ll of 1.5% DMSO in saline) or vehicle was given twice 1 h before and 4 h after the ethanol injection, which was administered once at a concentration of 5.0 g/kg. Ethanol administration once at 5.0 g/kg induces neurodegeneration similar to that elicited by two time injections of 2.5 g/kg ethanol [17] . Eight hours after the ethanol injection, brains were removed and processed for immunoblotting.
Western Blot Analysis
Western blot analyses for forebrain samples were performed as described [4] . Primary antibodies used under manufactures' instructions were: rabbit polyclonal anticleaved caspase-3 (Asp175) antibody, rabbit polyclonal anti-caspase-3 antibody, rabbit polyclonal anti-phospho (Ser9)-GSK-3b antibody, rabbit polyclonal anti-cleaved poly (ADP-ribose) polymerase (PARP) antibody, rabbit monoclonal anti-GSK-3b antibody (all from Cell Signaling Technology, Danvers, MA), mouse monoclonal anti C-tau antibody (clone C3), mouse monoclonal Tau-5 antibody, mouse monoclonal Tau Inc. Cambridge, MA) or rabbit monoclonal anti-b-actin antibody (Cell Signaling Technology) was always included. Antigens were detected by the Odyssey infrared imaging system (LI-COR Inc. Nebraska, NE) using fluorescence-labeled secondary antibodies, goat anti-rabbit IgG-680 (Invitrogen, Carlsbad, CA) and goat anti-mouse IgG-800 (Rockland Immunochemicals, Gilbertsville, PA). Intensities of desired bands were quantified using Fuji film MultiGauge V3.2 software. The intensities of protein bands were normalized to the intensities of corresponding actin, except for cleaved caspase-3 intensities which were normalized to corresponding uncleaved caspase-3 band intensity. Finally, treatment to saline ratios were calculated. The amount of protein was measured by a BCA method (Pierce, Rockford, IL).
Immunohistochemistry
Immunohistochemistry was performed as described previously [32] . Briefly, brains from perfused mice were sectioned with a vibratome into 50 lm thick sections, and the free-floating sections were blocked with Mouse Ig Blocking Reagent (Vector, Burlingame, CA) and incubated with rabbit polyclonal anti-cleaved caspase-3 (Asp175) antibody (diluted 1:1500), mouse monoclonal anti-C-tau (clone C3) antibody (diluted 1:500), and rabbit anti-Iba1 antibody (Wako Chemicals, Richmond, VA, diluted 1:500). Then the sections were incubated with Alexa Fluor 488 goat antirabbit IgG and/or Alexa Fluor 594 goat anti-mouse IgG (Invitrogen). The first antibodies were omitted from reactions as a control. Also, a blocking peptide for anti-C-tau antibody (CSSTGSEDMVD, GenScript) was used to assess specificity of the antibody. Specificity of anti-cleaved caspase-3 was confirmed previously [32] using a blocking peptide (Cell Signaling). Fluorescence images were obtained with a Nikon Eclipse TE2000 fluorescent microscope attached to a digital camera, DXM1200F.
Preparation of Cultured Cortical Neurons
Cultured cortical neurons were prepared from embryonic day 17 (E17) C57BL/6 embryos. Cerebral cortices were removed and digested with 10 units/ml of papain for 15 min at 37°C. After stopping the digestion by adding serum, cells were mechanically dissociated with a pipette in DMEM/F12 medium supplemented with 5% fetal calf serum and 5% horse serum. The cell suspension was passed through a 40 lm cell strainer, and plated on poly-d-lysinecoated dish at a density of 2 9 10 5 cells/cm 2 . After 1.5 h, the medium was changed to Neurobasal medium supplemented with B27. Three days after plating, cultures were treated with or without 100 mM ethanol for 24 to 48 h. Cell viability was assessed using a mixture of fluorescein diacetate and propidium iodide as previously described [31] . For immunocytochemistry, cells were fixed with 4% paraformaldehyde in PBS, permeabilized with PBS containing 0.3% Triton X-100 and 1% BSA, blocked with Mouse Ig Blocking Reagent, and stained with primary antibodies (anti-cleaved caspase-3 and anti-C-tau antibodies) and secondary antibodies (Alexa Fluor 488 goat antirabbit IgG and Alexa Fluor 594 goat anti-mouse IgG) as described above for immunohistochemistry.
Statistics
The values are expressed as mean ± Standard Error of Mean (SEM) obtained from 4 to 6 different mice. Statistical analysis of the data was performed by ANOVA with Bonferroni's post hoc test using the SPSS 11.0 program.
Results

Ethanol Enhances Tau Phosphorylation
In agreement with our previous studies [4] , the level of GSK-3b phosphorylated at Ser9 was significantly reduced in the forebrain of ethanol-treated P7 mice while the level of GSK-3b was unchanged (data not shown). Because the reduction in phosphorylation at Ser9 suggested that ethanol activated GSK-3b, we tested if ethanol augmented tau phosphorylation at Ser396/Ser404 (substrates of GSK3b) using the PHF-1 antibody. The intensities of both the upper and the lower bands (marked as u and l in Fig. 1A ) recognized by the PHF-1 antibody significantly increased 4 h after ethanol administration, and lithium treatment blocked the increase (Fig. 1A, D) . We further used antibodies against tau phosphorylated at Ser199 (PS199) and tau phosphorylated at Thr231 (PT231), because these sites are known to be phosphorylated by GSK-3b [16] . As shown in Fig. 1D , the intensity of the lower band recognized by anti-Tau PS199 antibody significantly increased 4 h after ethanol administration, and lithium treatment blocked the increase. The intensity of the lower band recognized by anti-Tau PT231 also increased although it did not reach the significant level, and the intensity of the upper band significantly decreased by lithium and ''lithium ? ethanol'' treatments compared to controls (Fig. 1D) . The band intensities recognized by anti-Tau PS422 antibody were not significantly altered by ethanol treatment (data not shown). It has been reported that tau phosphorylation at Ser422 is not mediated by GSK-3b [16] . Ethanol did not change the intensities of bands recognized by phosphorylation-independent Tau-5 antibody, while the upper band intensity was reduced by lithium and ''lithium ? ethanol'' treatments compared to controls (Fig. 1A, D) . Also, ethanol did not significantly change the band intensity recognized by Tau-1 antibody, which binds to tau with unphosphorylated Ser199/Ser202 (Fig. 1A) . Thus, GSK-3b activation by ethanol and its inhibition by lithium correlate with increased tau phosphorylation at GSK-3b sites by ethanol and its prevention by lithium.
Ethanol Induces Tau Cleavage
As shown in Fig. 1B and C, shorter forms of tau (* 50 kDa) were detected by PHF-1, Tau-5, and Tau-1 antibody 8 h after ethanol exposure. These bands were recognized also with anti-C-tau antibody, which reacts with tau cleaved at Asp421/422. The tau cleavage was detected when cleaved (activated) caspase-3 (CC3) was produced 8 h after ethanol administration (Fig. 1B) , although caspase-3 activation declined thereafter while C-tau levels remained constant between 8 and 24 h (Fig. 1E) . Administration of Z-DEVD-FMK (a caspase-3/7 inhibitor) by icv injections partially but significantly reduced ethanolinduced C-tau and cleaved PARP (C-PARP) formation (Fig. 1F) . The similar reduction in C-tau and C-PARP by Z-DEVD-FMK supports the notion that C-tau is produced by DEVDases, such as caspase-3 and caspase-7. Lithium treatment effectively blocked tau cleavage as well as caspase-3 cleavage (Fig. 1B) . C-tau fragments with smaller molecular weight, such as a 17-kDa fragment reported to be generated by calpain [2, 26] , were not detected under our experimental conditions.
Localization of C-Tau Expression C-tau expression was detected generally in CC3-positive cells in the regions of strong CC3 expression, such as the frontal, parietal, cingulate, occipital and retrosplenial cortices, thalamus, and caudate nucleus. Figure 2A and B show the cingulate cortex and caudate nucleus regions, respectively. C-tau expression in the cortex ( Fig. 2A) was observed not only in the cell soma, but also in the neurites. CC3-positive but C-tau negative cells appeared to be losing In order to examine if C-tau positive neurons were actually dying, we assessed the nuclear fragmentation of C-tau positive neurons using propidium iodide staining. As shown in Fig. 2C , C-tau positive neurons showed picnotic or fragmented nuclei, indicating that those cells were in the process of apoptosis. Also, CC3 positive and C-tau negative cells showed picnotic or fragmented nuclei (data not shown).
The time course studies in the cingulate cortex region (Fig. 3A) indicated that the number of CC3-positive neurons peaked 8 h after ethanol injection and decreased thereafter, while C-tau expression was more prolonged than CC3 expression specifically in fragmented dendrites/ axons. These results collaborate with the immunoblotting data in Fig. 1E . As shown by arrows in Fig. 3A , small spherical cells which appear to be dead neurons/apoptotic bodies stained non-specifically with anti-mouse IgG antibody. Aside from these cells, the specificity of anti-C-tau antibody was confirmed using blocking peptides. Figure 3A also shows that ethanol caused changes in the morphology of microglia detected by anti-Iba1 antibody. In control brains, these cells had small cell bodies and resembled the primitive ramified microglia reported previously [19] . Four hours after ethanol exposure, cells exhibited thicker processes and resembled activated microglia, and 16-24 h after ethanol exposure, cells became brain macrophage-like with a few short processes. These macrophage-like cells appeared to engulf spherical cells recognized with anti-mouse IgG antibody and/or anti-C-tau antibody (Fig. 3A) . Morphological changes in microglia were less apparent under the ethanol ? lithium conditions (Fig. 3B) . Changes in morphology of microglia were observed not only in the cingulate cortex but also in other brain regions (data not shown), reflecting widespread ethanol-induced neurodegeneration. C-tau expression was also observed in axon bundles in the corpus callosum (Fig. 3C) , and other areas such as dorsal fornix, alveus hippocampus, and caudate nucleus (data not shown). C-tau staining in the corpus callosum was already detected 4 h after ethanol exposure and still detected 48 h after ethanol exposure in some fragmented projections (Fig. 3C) . Microglia in the corpus callosum in ethanol-treated mice appeared to engulf degenerating projections (Fig. 3C) .
Ethanol Induced Tau Cleavage in Cultured Cortical Neurons
Ethanol also produced C-tau in cultured cortical neurons. Cultured neurons were treated with 100 mM ethanol for 48 h as described in the Experimental Procedure. The dose was chosen because previous studies have indicated that 50-100 mM ethanol causes highly significant apoptosis in cultured neurons [31, 34] . The percentage of dead cells in the control culture was 18.9 ± 0.6% (mean ± SD, n = 6), and that of cells treated with ethanol was 66.6 ± 8.9% (mean ± SD, n = 6). Figure 4 shows that some of the cortical neurons expressed CC3 and C-tau after incubation with 100 mM ethanol for 24 h. C-tau was expressed both in cell bodies and neurites as shown in the ethanol-treated P7 mouse brain. Also, similar to the in vivo study, neurites were scarce in CC3-positive but C-tau-negative neurons.
Discussion
In the present study, we examined whether ethanol-induced GSK-3b and caspase-3 activation in the P7 mouse brain lead to tau phosphorylation and cleavage. Our results demonstrated that ethanol increased phosphorylated tau (phosphotau) recognized by PHF-1 antibody and by anti-Tau PS199 antibody, and that lithium blocked such phospho-tau elevation (Fig. 1A, D) . Because the major epitopes of these antibodies are the sites phosphorylated by GSK-3b [16] , it is highly probable that ethanol increases tau phosphorylation through GSK-3b activation although involvement of other protein kinases and/or phosphatases cannot be ruled out. Lithium itself did not induce a significant decrease in the level of phospho-tau recognized by PHF-1 antibody while lithium partially decreased the level of phospho-tau recognized by anti-Tau PT231 antibody. It is possible that phosphorylation/dephosphorylation of tau is differentially regulated depending on the phosphorylation site. It has been shown that GSK-3b is expressed primarily in neurons and especially in neurites until P21 in the rat brain [35] , suggesting that GSK-3b activated by ethanol could phosphorylate tau in neurites. Although fetal tau is already highly phosphorylated, further phosphorylation by kinases such as PKA and GSK-3b has been shown to reduce its assembly promoting activity [21] . While fetal tau's low efficiency in promoting microtubule assembly may be important for the dynamic microtubule state during periods of high plasticity [1] , further phosphorylation of fetal tau may excessively destabilize developing axons.
Ethanol also produced a group of approximately 50-kDa C-tau proteins with slightly different mobility on Western blots (Fig. 1B, C) , probably due to varied degrees of phosphorylation. Considering the previous studies showing that caspase-3 cleaves tau at Asp421/422 and produces truncated tau with a molecular weight of *50 kDa [10, 27] , it is likely that ethanol-induced caspase-3 activation leads to C-tau formation in the developing brain. The notion is supported by the present results showing that Ctau formation is partially inhibited by a caspase-3/7 inhibitor (Z-DEVD-FMK) (Fig. 1F) and that C-tau is expressed in CC3-positive neurons both in the brain ( Fig. 2A, B) and in the cultured cortical neurons (Fig. 4) .
Previous studies have indicated that axon degeneration may be regulated by caspase-6 while cell body apoptosis is regulated by caspase-3 [13, 22] . Although caspase-6 may cleave tau at Asp421/422 [10] , we were unable to detect ethanol-induced caspase-6 activation in P7 forebrains by either immunoblotting or immunohistochemical analyses (data not shown). Likewise, it has been reported that caspase-7 and -8, which may also generate C-tau [10] , are not activated in the P7 mouse brain exposed to ethanol under the conditions which induce robust caspase-3 activation [24, 38] . These studies strongly indicate that ethanolinduced caspase-3 activation results in tau cleavage.
C-tau and CC3 were expressed in cell soma and neurites, although C-tau staining was stronger than the CC3 staining in the neurites. As early as 4 h after ethanol exposure, C-tau expression was observed in the neuronal cell soma, neurites, and axon bundles (Fig. 3A, C) . These results suggest that ethanol induces caspase-3 activation simultaneously in the cell soma, dendrites, and axons in the P7 brain, and the activated caspase-3 cleaves fetal tau, which has been reported to be localized in the cell soma, dendrites, and axons [36] . However, the possibility that CC3 or C-tau diffuses from cell soma to dendrites and proximal axons cannot be ruled out. The expression of C-tau in cultured cortical neurons was very similar to that of the P7 brain (Fig. 4) . In both P7 brains and cultured neurons, CC3-positive but C-tau-negative neurons lacked neurites while many fragmented neurites only expressed C-tau. Unlike CC3, C-tau was still detected 48 h after ethanol exposure in some processes in the brain, which makes C-tau staining a useful tool to examine ethanol-induced dendrite/axon degeneration. It is possible that the turnover rate of C-tau in neurites is slower than that of CC3, while the turnover rate of C-tau in the cell body is faster than that of CC3.
Localization of activated caspase-3 in axons has been demonstrated under several pathological conditions. For example, CC3 and caspase cleaved b-actin are expressed in degenerating axons in dopaminergic neurons after axotomy [7] , and post-ischemic activation of caspase-3 occurs in axons and dendrites in the rat hippocampus [28] . Because previous studies have indicated a role of C-tau in dendritic damage [20] and apoptosis [6, 8] , C-tau production by ethanol may promote neuronal cell and axon degeneration. In accordance with the notion that CC3 and C-tau formation are important in ethanol-induced neurodegeneration, neurons expressing C-tau showed nuclear fragmentation (Fig. 2C) , and lithium blocked ethanol-induced CC3 and C-tau elevation and neurodegeneration (Figs. 1B, 2A) . It has been shown that lithium inhibits tau phosphorylation and aggregation in the mouse model of Alzheimer's disease [23] .
We found that ethanol-induced neurodegeneration was accompanied by microglial activation (Fig. 3A) . Although abundant resting microglial cells were detected in the control brain, morphological changes in microglia occurred within 4 h after ethanol treatment and continued until microglia changed to phagocytic macrophage-like cells. These phagocytic microglial cells appeared to engulf degraded cell bodies and processes containing C-tau. Also, microglia in the corpus callosum in ethanol-treated mice appeared to engulf degenerating projections (Fig. 3C) . However, morphology of such microglia in the corpus callosum was similar to that of amoeboid microglial cells (the nascent form of ramified microglia) [18] , found in the subventricular white matter in both saline and ethanoltreated mouse brains (data not shown). Activation of microglia was not apparent in ''ethanol ? lithium'' treated mice (Fig. 3B) , probably because lithium inhibited initiation of the apoptotic pathway that induces activation of microglia. Collectively, our results indicate that ethanol-induced neurodegeneration is associated with tau modifications by GSK-3b and caspase-3 in the neuronal cell soma, dendrites, and axons. Tau may play an important role in ethanolinduced neurodegeneration in the developing brain, as observed in other pathological conditions. The possible causal relationship between tau modifications and neurodegeneration remains to be explored.
